Abstract. Gamma-ray collimators in nuclear waste scanners are used for selecting a narrow vertical segment in activity measurements of waste vessels. The system that is used by NRG uses tapered slit collimators of both the single and double knife edge type. The properties of these collimators were investigated by means of Monte Carlo simulations. We found that single knife edge collimators are highly preferable for a conservative estimate of the activity of the waste vessels. These collimators show much less dependence on the angle of incidence of the radiation than double knife edge collimators. This conclusion also applies to cylindrical collimators of the single knife edge type, that are generally used in medical imaging spectroscopy.
Introduction
For the characterization of radioactive waste by means of γ-radiation two types of scanners are available. The Tomographic Gamma Scanner (TGS) provides a two dimensional image of slabs from a waste vessel, with a typical height of a few centimetres [1] . The Segmented Gamma Scanner (SGS) also makes use of measurements from different vertical segments, but can only determine the overall activity of a segment [2] . In both types of scanners the waste vessel is usually rotated about the vertical axis as shown in Figure 1 . In order to obtain a spatial resolution in the axial direction (i.e. to be able to differentiate between signals from different vertical segments), it is necessary to limit the angular acceptance of the detection system. This can be arranged by means of a collimating system, which ideally should provide a response that is independent of the angle of incidence within the measured axial segment. Because of the finite angle of acceptance, and also because the vessel is rotated, it is unavoidable that measurements from different segments have some overlap.
Conditions for collimation in the horizontal direction are less severe. When tomographic or imaging techniques can be applied, the horizontal location of the waste within the segment can be determined, so that an efficiency correction can be applied.
For high-level radioactive waste the SGS technique is usually applied, as is done in the VINISH setup at NRG [3] . In this setup the collimating system consists of separate horizontal and vertical collimators, each of which collimates only in one direction. These are mounted on a sliding system, so that collimators can be selected with different apertures. By reducing the collimator aperture, the count rate in the detector can be reduced, so that waste vessels with both high and low activities can be analysed. For the highest activities the collimator aperture should be reduced as much as possible. In that case a considerable fraction of the transmitted beam passes through the collimator body, which is usually made from tungsten.
In this paper we use Monte Carlo simulations to investigate the behaviour of collimating systems with different geometries. These geometries are described in section 2 of this paper. The setup of the simulations is described in section 3. Results on the effect of the acceptance angle, γ-energy, split width and collimator thickness are reported in section 4. In section 5 results are reported for cylindrical collimators, that are commonly used in medical imaging applications, and a comparison with published theoretical results is made. Discussion and conclusions are presented in sections 6 and 7.
Collimator types
In this paper we consider two collimator types that have an (apparently) well-defined angle of acceptance. One type has a so-called double knife edge (DKE) and is shown in Figure 2 . The other is of the single knife edge type (SKE) and is shown in Figure 3 . The angles α and φ denote, respectively, the acceptance angle of the collimator and the angle between the -supposedly parallel -beam and the surface normal.
Initially we will consider collimators that have a 1-dimensional slit, i.e. they are tapered in the plane of the drawings, but their cross sections do not change in the direction parallel to this plane. 
Monte Carlo Simulations
The imaging properties of cylindrical collimators have been investigated by various authors. For some geometries analytical results have been obtained. These will be discussed in section 5. For the 1D knife edge collimators that form the main subject of this paper no analytical results have been published to the authors' knowledge.
Therefore Monte Carlo simulations have been carried out with MCNPX [4] . For the 1D-cases a line source was used, producing a parallel beam of mono-energetic γ-rays that impinges on the left side of the collimator, as shown in Figure 4 . The resulting parallel beam closely approximates the actual situation in a waste scanning setup, where the source detector distance is usually much larger than the opening of the collimator. Transmitted particles were tallied using a flux tally (F2) for a circular surface directly behind the collimators. This is a model for the gamma detector, which will be placed on this location in the case of an actual measurement. The length of the line source (10 cm) was chosen sufficiently large to ensure that both the collimator and the tally surface (diameter 5 cm) are fully covered by the γ-beam for all relevant angles of incidence φ. An energy filter of ± 5 keV around the initial γ-energy was applied, so that only unscattered photons were selected. For these photons the transmission of the collimator was calculated by comparison with the photon flux for the case where the collimator is replaced by an air volume in an otherwise unchanged geometry. For the 1D-cases a total of 10 6 particle histories was sufficient to obtain good statistics, with relative errors of the order of 1 % for a transmission of 10 
Results for 1D-collimators
In all our simulations we find that DKE collimators show a strong dependence of the transmission on the angle of incidence φ, whereas SKE collimators have a nearly φ-independent response within the angle of acceptance α. As an example we show the results for a typical case, using a photon-energy of 1 MeV, a tungsten collimator with a thickness D of 7 cm, zero split S and an acceptance angle α of 5.7 o (corresponding to tan(α) = 0.1). The input parameters are summarized in Table 1 . Table 1 . MCNP Input parameters for 1D-collimators.
Material
Tungsten Table 1 .
For angles of incidence within the acceptance angle of the collimator, ranging from tan(φ) = -0.1 to tan(φ) = 0.1, the SKE transmission curve is practically independent of the angle of incidence φ, but it shows considerable 'leakage' outside of this region. The DKE collimator, on the other hand, has a strong φ-dependence inside the acceptance angle, but outside of this region it drops to zero much more rapidly.
Effect of acceptance angle
For practical applications it is of interest to investigate the dependence on the acceptance angle. Results for tan(α) = 0.01 to 0.1 (with α ranging from 0.57 o to 5. Table 1 . From these curves it is clear that the qualitative behaviour of the two collimator types (flat response for SKE, versus strongly varying response for DKE) is independent of the acceptance angle α.
Effect of γ γ-Energy
A further point of interest is the dependence of the transmission upon the γ-energy. In Figures 8 and 9 transmission curves for various energies are shown, ranging from 0.10 to 1.50 MeV. Table 1 . Table 1 .
From the transmission curves in Figure 9 it can be observed that the amount of leakage outside of the acceptance angle α, which is typical for the SKE collimator, increases with γ-energy. Some leakage is also observed for the DKE collimator (Figure 10 ), but in this case the effect is much smaller.
Effect of Collimator Split
When a moderate reduction of the flux is desired, e.g. when measuring a waste vessel of medium or low activity, it is desirable to increase the transmission of the collimator system. This can in principle be achieved by using a collimator split S (see Figures 2 and 3) Table 1 . Table 1 .
From the transmission curves in Figures 10 and 11 it can be observed, that the transmission increases with increasing split width. The SKE curves (Figure 11 ) remain flat within the acceptance angle. The DKE curves (Figure 10 ) become relatively less curved with increasing split width.
Effect of Collimator Thickness
In this section the dependence of the transmission upon the collimator thickness D is studied. In particular it is interesting to investigate to what extent the leakage of γ-flux outside of the acceptance angle α can be reduced by increasing the collimator thickness. Within a practical thickness range from D = 3 cm up to 9 cm such effects can be well observed for a γ-energy of 0.5 MeV. As in the other simulations an acceptance angle with tanα=0.1 and zero split were used. The results are shown in Figures 12 and 13 . Table 1 with the exception of the γ-energy E which is set to 0.5 MeV. Table 1 with the exception of the γ-energy E which is set to 0.5 MeV.
From the results in Figures 13 it can be observed that the transmission within the angle of acceptance is largely independent of the collimator thickness, but that the amount of leakage for the SKE collimator can be significantly reduced by increasing the collimator thickness. For the DKE collimator both the transmission and the leakage can be seen to be largely independent of the collimator thickness, with the exception of the case D=3 cm, which is insufficient to complete block 0.5 MeV γ-rays outside of the acceptance angle of the collimator.
Results for cylindrical collimators
Cylindrical collimators are widely used in (medical) imaging applications. In those applications the photon energy is lower and the collimator dimensions are smaller than those commonly used in waste scanners. Moreover the distance from the source to the collimator is chosen relatively small, to achieve a large magnification. In some cases researchers have even used an 'inverted' single knife edge collimator (which diverges from a narrow opening near the source to a wider opening near the detector), to make the distance to the source even smaller [5] . From a qualitative understanding of the physical principles -as discussed in section 6 -it seems likely that the differences that we have observed between one dimensional SKE and DKE collimators, will also occur for cylindrical collimators, with a 3D conical opening.
The behaviour of cylindrical collimators for imaging purposes has been extensively studied, with special attention for imaging properties, in particular the spatial resolution. In a number of publications the so called sensitivity has also been studied, a quantity that is equivalent to the transmission reported in this paper. Analytical results for sensitivity of the DKE collimator have been reported by Metzler et al. [6] and for the SKE case by Alnaghy et al. [7] . These authors make a distinction between the geometric sensitivity, which accounts for the photons that pass through the collimator aperture, and the penetration sensitivity, that accounts for the photons that pass through the collimator walls. By choosing a split of zero width, the geometric sensitivity can be reduced to zero, so that the transmission is completely described by the penetration sensitivity S pen .
For the cylindrical DKE collimator with zero split (No-Hole Approximation) Metzler et al. [6] present a formula, which can be rewritten as:
where is a constant, our ߶ corresponds to ߨȀʹ െ ߠ and our ߙ to ߙȀʹ in [6] . The formula that Alnaghy et al. [7] present for the cylindrical SKE can be rewritten as:
where is a constant, our ߶ corresponds to ߨȀʹ െ ߠ and our ߙ to ߙȀʹ in [7] . 
Effect of γ γ-Energy for cylindrical collimators
We have investigated the transmission curves for cylindrical collimators for various energies, with the parameters given in Table 2 . Because the transmission of the cylindrical collimator is much lower, a higher number of particle histories (nps = 10 8 ) was required to achieve sufficient statistics , with relative errors of the order of 0.3 % for a transmission of 10 -3 , and 2 % for a transmission of 10 -4 .. Instead of the line source that was used for the 1D simulations, a circular surface source was used. The lateral extension of this source (10 cm)was chosen sufficiently large to make sure that both the collimator and the tally surface (diameter 5 cm) were fully covered by the γ-beam for all relevant angles of incidence φ. Table 2 . MCNP Input parameters for cylindrical collimators.
Material
Tungsten
The results for cylindrical collimators are shown in Figures 14 and 15 . From these figures it can be observed that the transmission of a beam of parallel γ-rays behaves in a very similar way as for one dimensional collimators. For the DKE case the transmission curves show a curved profile within the acceptance range, whereas for SKE collimators the transmission profile is practically flat. Table 2 . Table 2 .
Reversed cylindrical collimators
Because reversed cylindrical SKE collimators are occasionally used in imaging studies [5] , these were also investigated. In a reversed SKE collimator, the conical opening diverges towards the detector. The results are shown in Figure 16 . Apart from small differences due to the statistical nature of the simulations, the results shown in Figure 16 are identical with those from Figure 15 .
This result shows that for this particular case (zero split and parallel γ-beam) the forward vs. backward orientation of the collimator does not influence its transmission characteristics. Table 2 .
Discussion

Comparison with theoretical results
Cylindrical DKE collimator
In Figure 17 we show a comparison between the results from our simulation, and the theoretical formula by Metzler et al. [6] . The constant in formula 1 was adapted to match the maxima of both curves. The parameters used for the simulation are as in Table 2 , and the γ-energy was set to 0.5 MeV. [6] .
From this figure it can be seen that there is a very good agreement between theory and simulation. Note, however, that for higher γ-energies the simulations predict a distinct tail for angles of incidence outside acceptance angle (as shown e.g. in Fig. 14) , whereas Equation (1) predicts zero transmission for these conditions.
One dimensional DKE collimator
In Figure 19 we show a comparison between the results from our simulation and the theoretical formula by Metzler et al. [6] . The constant in formula 1 was adapted to match the maxima of both curves. The parameters used for the simulation are as in Table 2 , and the γ-energy was set to 0.5 MeV.
From Figure 19 it can be seen that the theoretical formula describes a somewhat narrower profile than the simulations. However, the theoretical formula that was derived for a 3D cylindrical collimator and therefore does not necessarily apply to the 1D case for which the simulations were carried out. 
Cylindrical SKE collimator
In Figure 18 we show a comparison between the results from our simulation, and the theoretical formula by Alnaghy et al. [7] . The constant in formula 2 was adapted to match the maxima of both curves. The parameters used for the simulation are as in Table 2 , and the γ-energy was set to 0.5 MeV.
From this figure it can be seen that there is little agreement between theory and simulation. The reason for this discrepancy is unclear, but is must be noted that the theoretical formula is an approximation for the case of a point source, located closely to the collimator, whereas the simulations were carried out for a source at infinite distance. 
Qualitative explanation
Since there is a marked discrepancy between the theoretical formula by Alnaghy et al. [7] and the MCNP simulations reported in this paper, a simple geometrical argument will be presented, that qualitatively explains the observed behaviour of the different collimator types. It is assumed that γ-rays, which have to transverse less than half the thickness D of the collimator, pass without attenuation while γ-rays, that have to transverse a greater length, are completely absorbed. This is illustrated in Figure 20 for the DKE collimator. From this figure it can be observed that the effective open area of the collimator rapidly diminishes with increasing angle of incidence, and will completely be closed when the incoming beam grazes the collimator surface, i.e. when φ equals α. The case of the SKE collimator is illustrated in Figure 21 . From this figure it can be observed that the effective open area of the collimator does not change with increasing angle of incidence. Beyond grazing incidence, i.e. when φ > α, the transmitted fraction of the beam will be gradually reduced. This qualitative model describes the results from the MCNP simulations quite well.
Conclusions
In this paper we have reported results on MCNP calculations used to determine the optimal type of collimator to be used for vertical collimation in a waste scanning system. From the two collimator types that were studied, the SKE collimator was found to have a transmission curve that is practically independent of the angle of incidence, whereas the DKE collimator shows strong variations in transmission. Therefore the SKE collimator is to be preferred when a conservative estimate of the activity inside the waste vessels has to be reported.
A disadvantage of the SKE collimator is that it shows considerable flux leakage outside of the angle of acceptance, especially for high γ-energies. This can be remedied to some extent by increasing the thickness of the collimator.
For waste vessels of lower activity the transmission can be increased by increasing the width of the collimator split. In that case the flat transmission profile of the SKE collimator is preserved, but at larger split widths the difference between SKE and DKE collimators gradually disappears.
Theoretical results for knife edge collimators are only available for cylindrical collimators. They agree well with our MCNP results for DKE collimators, but for SKE collimators marked discrepancies were found. Further theoretical work on SKE collimators is required to clarify these discrepancies.
